This study aimed to investigate the protective effect of eicosapentaenoic acid (EPA) on rats with polycystic ovary syndrome (PCOS).
Background
As one of the most common endocrine disorders in females, polycystic ovary syndrome (PCOS) affects about 7% of women of reproductive age [1] . PCOS in not only the main cause of anovulatory infertility but is also an important risk factor for type II diabetes mellitus [2] . Previous studies indicated that various populations have PCOS [3, 4] . At present, the most accepted definition of PCOS is the chronic anovulation associated with hyperandrogenism in females who do not have any pituitary gland or adrenal diseases [5] . The pathology of PCOS is unclear. Abnormal gonadotropin secretion was found to be responsible for hyperandrogenism and anovulation [6] . At the hormonal level, the production of excessive luteinizing hormone during the development of PCOS can stimulate production of testosterone and inhibit the production of follicle stimulating hormone, leading to the arrest of ovarian folliculogenesis [7] . Although a variety of treatments have been developed to treat PCOS, many treatments have failed to provide satisfactory outcomes [8, 9] . Therefore, it would be of great clinical value to identify new drugs that can effectively and safely treat PCOS.
Eicosapentaenoic acid (EPA), which is also called icosapentaenoic acid, is a type of omega-3 fatty acid. EPA is therapeutically effective in various human diseases, including cardiovascular disease [10] , depressive disorder [11] , and nonalcoholic fatty liver disease [12] . It has been shown that omega-3 fatty acids supplementation can significantly improve the conditions of patients with PCOS by interacting with different signaling pathways [13] . A recent study also showed that treatment with omega-3 fatty can regulate the levels of sex hormones in postmenopausal women [14] . Therefore, in the present study, we hypothesized that EPA may have a therapeutic effect on PCOS.
In this study, a rat PCOS model was established by subcutaneous injection of DHEA to induce the production of excessive androgen. Different doses of EPA were used to treat rats with PCOS, and the effects of EPA treatment on levels of various hormones, inflammatory factors, and expression levels of SREBP1 and TLR4 were investigated.
Material and Methods

Animals
Fifty SD female rats (21 days old) were purchased from Suzhou Aiermaite Technology Co., Ltd. (license number SCXK (Su) 2014-0007, Suzhou, China). All animal experiments were performed in accordance with the Institutional Animal Care Committee of People's Hospital of Wuhan University.
Grouping and model establishment
Rats were randomly divided into 5 groups: Control group, PCOS group (Model group), EPA low-dose group (6 μg/kg, EPA-L), EPA middle-dose group (12 μg/kg, EPA-M), and EPA high-dose group (18 μg/kg, EPA-H), 10 rats in each group. Rats in the Model, EPA-L, EPA-M, and EPA-H groups were subcutaneously injected with DHEA (Sinopharm Chemical Reagent, Co., Ltd., 6 mg/100 g·d/0.2 ml sesame oil) to induce PCOS model with excessive androgen. Rats in the Control group were injected with the same volume of sesame oil. After model establishment, rats were injected with the corresponding concentrations of EPA (0.01 ml, Sigma, St. Louis, USA) diluted in serumfree DMEM medium (Sigma, St. Louis, USA) for 15 days. The same volume of DMEM medium and saline was used in the Model group and Control group.
Detection of hormone contents in serum of rats
Rats were fasted overnight and blood was extracted from the abdominal aorta. Through centrifugation (3000 rpm for 10 min), serum was separated from blood. Levels of follicle stimulating hormone (FSH), luteinizing hormone (LH), and testosterone (T) in serum were measured by use of the corresponding kit (Uscn Life Science, Inc., Wuhan, China).
HE staining to observe lesions in ovarian tissue of rats
Ovarian tissue was fixed and embedded with paraffin. The embedded tissue was cut into 5-μm sections, followed by dewaxing with xylene 2 times for 5 min each time. Hydration was performed by passing through a grades series of ethanol. After staining with hematoxylin (Solarbio, Beijing, China) for 5 min, slides were washed with tap water and treated with 1% hydrochloric acid-ethanol. After washing with water, eosin (Solarbio, Beijing, China) staining was performed for 3 min and excessive dye was washed out. The sections were treated with ethanol for 5 min and xylene for 10 min and sealed with neutral resin. Pathological changes were observed under an optical microscope (Olympus, Japan).
ELISA to detect the contents of inflammatory factors in ovarian tissue
Ovarian tissue was collected and coagulation and appendages were removed. Ovarian tissue was mixed with precooled saline to prepare 10% ovarian tissue homogenate, followed by centrifugation at 3000 rpm for 10 min to collect the supernatant. Levels of TNF-a, IL-1b, IL-10, and IL-18 in ovarian tissues were detected by use of ELISA kits (R&D Systems, USA).
RT-PCR to detect the expression of SREBP1 gene
Total RNA was extracted from ovarian tissue using Trizol (Takara, Japan). Purity and integrity of RNA samples were checked and reverse transcription was performed using a reverse transcription kit (Takara, Japan). The SYBR Green master kit (Takara, Japan) and cDNA were used to prepare the reaction system. The following primers were used: SREBP1 forward: 5'-GCCATCGACTACATCCGCTT-3'; SREBP1 reverse: 5'-TGGGCTTTTCACCTGGTTATCC-3'; b-actin forward: 5'-TAAAGACCTCTATGCCAACACAGT-3; b-actin reverse: 5'-CACGATGGAGGGGCCGGACTCATC-3. Reaction conditions were: 95°C for 2.5 min, followed by 40 cycles of 95°C for 15 s and 60°C for 45 s. Ct values were processed using 2 -DDCt method and relative expression level of SREBP1 was normalized to endogenous control.
Western blot analysis to detect the expression of SREBP1 and TLR4 protein Total protein was extracted from ovarian tissue, and 10 μg of protein from each sample was subjected to electrophoresis using 10-20% Ready Gels under 100 V. After transfer to PVDF membranes (Millipore, USA), membranes were washed and blocked with 5% skim milk (Shanghai Bright Dairy Co., Ltd., Shanghai, China). After washing, membranes were incubated with rabbit anti-TLR4 polyclonal antibody (1: 2000, ab28481, Abcam, Hong Kong, China), rabbit anti-SREBP1 polyclonal antibody (1: 1000, ab62352, Abcam, Hong Kong, China), or rabbit anti-b-actin polyclonal antibody (1: 2000, ab8227, Abcam, Hong Kong, China) overnight at 4°C. After washing with TBST 3 times, goat anti-rabbit IgG secondary antibody (1: 3000, ab6721, Abcam, Hong Kong, China) was incubated with the membranes overnight at 4°C. After washing with TBST 3 times, chemiluminescence method was used to detect the signal. Relative expression of each protein was normalized to the grey-scale value of endogenous control b-actin.
Statistical analysis
SPSS19.0 statistical software was used. All data are expressed as mean ± standard deviation (SD). Comparison among multiple groups were performed by one-way ANOVA and p<0.05 was considered to be statistically significant.
Results
Levels of FSH, LH, and T in serum of rats in different groups
As shown in Figure 1 , levels of LH and T in serum of rats in the Model group were 5.48±0.41 ng/ml and 1897.62±106.75 pg/ml, respectively, which were significantly higher than in the Control group (P<0.05). In contrast, content of FSH was 2.16±0.59 ng/ml, which was significantly lower than that of the Control group (P<0.05).Compared with the Model group, levels of LH and T were significantly reduced and level of FSH was significantly increased in the EPA-M and EPA-H groups (P<0.05), and no significant differences in levels of LH and T were found between the EPA-H group and Control group (P>0.05). Those data suggest that EPA can significantly reduce the levels of LH, FSH, and T in serum of rats with PCOS.
Histopathological changes in ovarian tissue of each group
Multiple corpus luteum and follicles were observed in the Control group, oocytes were seen in nearly mature follicles, and there were fewer follicular cell layers (Figure 2A ). Multiple primary follicles and few follicles were observed in the Model group, no oocytes were seen in nearly mature follicles, granulosa cells were arranged loosely, there were fewer layers, and the follicular cell layer was thicker ( Figure 2B ). Histopathological changes in ovarian tissue in EPA groups were improved compared with the Model group, multiple corpus luteum and follicles were observed, oocytes were seen in nearly mature follicles, granulosa cells were arranged tightly and the layers were increased, and the ovarian cell layer was thin ( Figure 2C-2E) . Pathological damages were markedly attenuated by EPA treatment.
Levels of inflammatory factors in ovarian tissue of each group
As shown in Figure 3 , compared with the Control group, in the Model group the levels of IL-1b, IL-18, and TNF-a were significantly increased (P<0.05). Levels of IL-18, TNF-a, and IL-1b were significantly decreased in EPA groups compared with the Model group (P<0.05) except for the level of TNF-a in the EPA-L group, which showed no significant difference from the Model group (P>0.05). Content of IL-10 in the Model group was significantly lower than that in the Control group (23.69±1.08 pg/ml, P<0.05), while content of IL-10 was significantly increase in EPA groups compared with the Model group. In addition, no significant difference in content of IL-10 was found between the EPA-H group and Control group (P>0.05). These results suggest that EPA treatment can significantly reduce inflammatory response of ovarian tissue in PCOS rats. 
Expression of SREBP1 in ovarian tissue of rats in each group
As shown in Figure 4 , the expression level of SREBP1 mRNA was significantly increased (by 42%) in the Model group (P<0.05) compared with the Control group. Compared with the Model group, expression level of SREBP1 mRNA was significantly decreased by 6% (P<0.05), 14% (p<0.05), and 28% (P<0.05) in the EPA-L group, EPA-M group, and EPA-H group, respectively. These data suggest that EPA treatment can decrease the expression level of SREBP1 mRNA in ovarian tissue of PCOS rats.
Expression of SREBP1 and TLR4 proteins in ovarian tissue
As shown in Figure 5 , compared with the Control group, expression levels of SREBP1 and TLR4 proteins were significantly increased by 104% and 83% (P<0.05), respectively, in the Model group. No significant differences in expression levels of SREBP1 and TLR4 proteins were found between the EPA-L group and Model group (P>0.05). Expression levels of SREBP1 and TLR4 proteins were significantly reduced in the EPA-M group and EPA-H group compared with the Model group but were still significantly higher than those in the Control group (P<0.05). These results suggest that EPA can improve PCOS by reducing the expression levels of SREBP1 and TLR4 in ovarian tissue.
Discussion
Although the pathogenesis of PCOS still has not been fully elucidated, abnormal production of sex hormones is closely related to the development of this disease [15] . The significantly increased level of testosterone is usually considered as a marker of hyperandrogenism in women with PCOS [14] . Abnormal gonadotropin secretion patterns, including reduced production of FSH, increased production of LH, and increased LH/FSH ratio, are the common hormonal features of PCOS [16] . Various vulnerable groups have PCOS [17, 18] . During the development of PCOS, abnormally increased secretion of LH significantly reduces the production of testosterone and increases the secretion of FSH, which in turn leads to an increased LH/FSH ratio, resulting in arrest of ovarian folliculogenesis [7] . Thus, the regulation of level of LH has become a target in the treatment of PCOS. A recent study reported that treatment with myo-inositol can significantly improve the hormonal parameters by decreasing the level of LH, which in turn improved the conditions of PCOS [19] . In another study, orally administrated FSH was found to significantly reduce the severity of PCOS in a mouse model by reducing the number of cystic follicles and restoring estradiol level [20] . In our study, levels of LH and testosterone were significantly increased in rats with PCOS compared with the Control rats. However, treatment with medium and high doses of EPA significantly reduced the levels of LH and testosterone, indicating that EPA can improve the conditions of PCOS at the hormonal level.
Patients with PCOS are usually also have low-grade chronic inflammation [21] . More and more studies have shown that the metabolic effects of PCOS, including impaired glucose homeostasis, dyslipidemia, visceral obesity, and (potentially) cardiovascular disease are closely related to the low-grade chronic inflammatory state, and low-grade chronic inflammation together with hyperandrogenism and hyperinsulinemia contribute to the development of PCOS [22, 23] . The roles of inflammatory cytokines such as TNF-a and IL-18 in the progression of PCOS have been widely studied, and the results suggest the utility of anti-inflammation-centered therapy for the treatment of PCOS [24] . TNF-a, IL-1b, and IL-18 are 3 proinflammatory factors that can drive inflammatory responses to various internal and external stimulations [25, 26] . In contrast, IL-10 is an anti-inflammatory factor that achieves it biological functions by inhibiting inflammatory responses [27] . In our study, levels of TNF-a, IL-1b, and IL-18 in ovarian tissue of rats were significantly increased, while level of IL-10 was significantly decreased compared with the Control group, indicating the increased inflammatory response in rats with PCOS. EPA treatment significantly reduced levels of TNF-a, IL-1b, and IL-18 and increased the level of IL-10. These data suggest that EPA can improve the conditions of PCOS by inhibiting the inflammatory response.
TLR4 also plays pivotal roles in proinflammatory signaling, and SREBP1 was proved to be able to promote the TLR4-induced proinflammatory responses by reprogramming fatty acid metabolism [28] . In our study, expression levels of SREBP 1 and TLR4 were found to be significantly increased in rats with PCOS compared with rats in the Control group, indicating that the proinflammatory responses mediated by the SREBP 1/TLR4 pathway are involved in the development of PCOS. After treatment with EPA, expression levels of SREBP 1 and TLR4 were significantly reduced, indicating that EPA treatment can improve the conditions of PCOS by inhibiting the SREBP 1/TLR4 pathway.
Changes in polycystic ovarian morphology caused by PCOS can significantly affect the normal functions of the ovaries [29] . Therefore, chemicals used to improve the histopathological changes in polycystic ovary syndrome are usually promising drugs. A recent study showed that melatonin can reduce oxidative damage in rats with PCOS induced by DHEA, indicating the therapeutic effects of this chemical on PCOS. In this study, histopathological changes in ovaries caused by PCOS were found to be significantly improved by EPA treatment, indicating that EPA treatment can improve the conditions of PCOS by reducing histopathological damages.
Conclusions
In conclusion, EPA treatment can improve the hormonal parameters, reduce inflammatory responses, and inhibit the SREBP1/TLR4 pathway in rats with PCOS. EPA treatment can also improve the histopathological damages caused by PCOS. However, our study is limited by its small sample size. Further studies with larger sample sizes are needed to confirm the conclusions of this study.
